To test whether any specific 5' precursor sequences are required for the processing of pre-16S rRNA, constructs were studied in which large parts of the 5' leader sequence were replaced by the coliphage lambda PL promoter and adjacent sequences. Unexpectedly, few full-length transcripts of the rRNA were detected after the pL promoter was induced, implying that either transcription was poor or most of the rRNA chains with lambda leader sequences were unstable. Nevertheless, sufficient transcription occurred to permit the detection of processing by Si nuclease analysis. RNA transcripts in which 2/3 of the normal rRNA leader was deleted (from the promoter up to the normal RNase III cleavage site) were processed to form the normal 5' terminus.
lambda leader sequences were unstable. Nevertheless, sufficient transcription occurred to permit the detection of processing by Si nuclease analysis. RNA transcripts in which 2/3 of the normal rRNA leader was deleted (from the promoter up to the normal RNase III cleavage site) were processed to form the normal 5' terminus.
Thus, most of the double-stranded stem that forms from sequences bracketing wild-type 16S pre-rRNA is apparently not required for proper processing; the expression of such modified transcripts, however, must be increased before the efficiency of processing of the 16S rRNA formed can be assessed.
Synthesis of rRNA includes transcription of extensive leader, intercistronic, and trailer sequences that are discarded during the processing of pre-rRNA. The function of these sequences is not yet clear. Sequences within the leader region facilitate transcription (see below), and sequences 5'-proximal and 3'-distal to 16S rRNA pair to form a stable stem (reviewed in reference 15). The stem encloses the 16S rRNA in a large loop, and an analogous loop is formed by sequences that bracket the 23S rRNA. Because similar base-paired stems are conserved in bacteria as disparate as Escherichia coli, Bacillus subtilis, and an archaebacterium, these features must somehow be important (15) .
One suggestion has been that the double-stranded segments are important because endonucleolytic cuts in the stems, which occur early in processing, are required for the production of mature rRNA. That notion became less attractive, however, when accurate formation of 16S rRNA was observed in a mutant unable to cleave the doublestranded stem (13) . As another possibility, precursor sequences might help to promote a conformation in 16S rRNA that is required for ribosome formation and forms more easily in the precursor RNA. Consistent with this speculation, pre-16S rRNA shows some features of secondary structure not found in the mature rRNA (16) and can bind certain ribosomal proteins more effectively than does mature rRNA (19) .
One way to examine the role of a precursor sequence is to eliminate or modify it by recombinant DNA manipulation and to determine the properties of the modified pre-rRNA in vivo. To investigate the possible requirement of 5' spacer sequences for the formation of 16S rRNA, we removed them from an rRNA operon in a high-copy-number plasmid. The promoter and, in different constructs, some or all of the sequence proximal to the 5' terminus of 16S rRNA were replaced by an inducible lambda promoter and lambda sequences. Such constructs can be used to distinguish among extreme alternatives. If processing requires the entire doi4ble-stranded stem that is ordinarily recognized for cleavage in wild-type bacteria, then transcripts from the con-* Corresponding author. structs would not be accurately processed. On the other hand, if the information for processing were completely encoded within the mature sequence, as it is for SS rRNA (21), the transcripts from the constructs would be processed to yield the normal 5' terminus of 16S rRNA.
MATERIALS AND METHODS
Strains and plasmids. The host strain for all experiments was E. coli M5219 recA (11) . It is lacZ trp strA uvrB bio recA and carries lambda bio252 c1857 delHI, whiich provides a temperature-sensitive repressor that controls the PL promoter on the plasmids studied. Plasmids pNO2677 and PL-214 have been described earlier (10, 25) . Construction of the derivatives pCL10 and pCL20 is described in the Re Fig. 1 These experiments required the resolution of a background problem in hybridization experiments with lambdaspecific probes. Such probes showed some interaction with other E. coli RNAs in previous studies. In this case, in
Northern analyses under standard conditions (4) and with poly(A) in the prehybridization mixtures, we observed significant signals in the regions of 23S, 16S, and 4S RNAs, along with a general faint background. Even a low-level, nonspecific reaction with the lambda-specific probe precludes any useful analysis, since the rRNA forms the bulk of the total RNA. The interfering reactions were prevented by a prehybridization step in which total denatured E. coli DNA D10 (9) was used in addition to poly(A) (see Fig. 4 ).
RESULTS
Construction of rRNA operons with 5' lambda leader sequences. Leader sequences cannot be indiscriminately replaced in rrnB because some sequences are required for transcription to continue through the operon. As in the case of pb-promoted lambda transcription (8), these antitermination signals are indispensible; without them, RNA polymerase fails to elongate to its normal termination site. In the constructs made here, the antitermination signals in the rRNA leader sequences are deleted; our strategy to prevent premature termination of transcription was to provide analogous sequences from lambda DNA. The constructions ( Fig.   1 ) start from the plasmid PL-214 of Gourse et al. (10) . This permits the use of the lambda PL promoter. In PL-214 the PL promoter and some lambda sequences are followed by a KpnI restriction enzyme recognition sequence and an rrnB sequence that begins from the usual RNase III cleavage site at nucleotide 1404 (in the numbering system of Brosius et al. [6] ), 178 nucleotides downstream of the transcription initiation site for rrnB promoter Pl. To provide the lambda antitermination (nut) sequences, the rrnB portion was cut out of plasmid PL-214 and subcloned into pNO2677. (pNO2677 is derived from plKC30 [24] , which contains a 2.4-kilobase fragment from bacteriophage lambda cloned into pBR322. The lambda fragment contains the PL promoter-operator, the nutL region, and the N gene. pNO2677 is a derivative of pKC30 in which a KpnI linker was inserted at the HpaI site in the coding region of the N gene. pNO2677 thus provides PL together with the lambda nutL sequences.)
Both plasmids were cut with the restriction enzymes BamHI and KpnI, and the fragments indicated by bold lines (Fig. 1) were purified and ligated to yield pCL10. The RNase III cleavage site and most of the stem normally present at the base of 16S rRNA were missing in the pCL10 transcript (Fig.   2 ).
To delete all precursor rRNA sequences proximal to the 5' terminus of rnature 16S rRNA, plasmid pKK3535 (7) was cut with Nael and XbaI. The fragment containing 16S rRNA was purified and cut with DraI, which cleaves once, leaving a blunt end at the junction between precursor and mature sequences. The piece indicated by a bold line in Fig. 1 thus starts from the first nucleotide of 16S rRNA (nucleotide 1518 in the numbering of Brosius et al. [6] ). It was purified and ligated directly with the fragment produced from pCL10. Thus, pCL20 differs from pCL10 in that all wild-type precursor sequences upstream of the 5' terminus of 16S rRNA are gone, and mature 16S rDNA sequences are directly linked to lambda sequences. The DNA sequence at the fusion of the KpnI and DraI sites was determined by the dideoxy method. The observed sequence included AAAC FIG. 1 . Construction of pCL10 and pCL20. The fragment of rDNA in PL-214, containing 16S rRNA and a partially truncated leader, was first transferred to a plamid vector that provides both PL and lambda nutL sites (see text) to yield pCL10. A fragment cleaved with Drai and XbaI from the complete rDNA, beginning with the first nucleotide of 16S rRNA, was then ligated to a fragment of pCL10 lacking the rRNA spacer and 16S rRNA (see text) to yield pCL20. P1 and P2, rrnB promoters.
process. The last two nucleotides of the KpnI site [AC] were changed to GG, but the wild-type 5'-terminal sequence of 16S rRNA was retained.) Transcription of rRNA preceded by a lambda leader sequence. Si nuclease mapping was used to assess the transcription of rRNA from the PL promoter. Since dot blot hybridization showed that transcription was comparable in pCL10 and pCL20, the experiment was carried out with pCL20 and extrapolated to pCL10. The transcripts from the lambda promoter can be distinguished from chromosomal rRNA by using a DNA probe prepared from pCL20, spanning lambda sequences from upstream of PL through 319 nucleotides of transcribed lambda RNA and continuing 84 nucleotides into the mature 16S rRNA sequence. The probe is labeled at the latter end (Fig. 3, bottom) . Such a probe will indiscriminately detect all mature 16S rRNA, but the only RNA species with which it can hybridize to more proximal sequences are those which start from PLTranscription from the plasmid promoter is expected to give several products, since the lambda sequence itself contains two well-characterized processing sites, cleaved by RNase III approximately 70 and 190 nucleotides from PL (18) . The corresponding Si nuclease fragments and any probe that is fully protected by intact RNA transcript would be expected, in addition to any other cleavage products. The sizes and amounts of full lambda-rRNA transcripts were assessed by Northern analysis. Total RNA was electrophoresed, and a lambda-specific probe was used. Several species were seen (Fig. 4) . Weak signals were evident in the vicinity of 16S rRNA and at some intermediate sizes; these were clear only with large amounts of applied RNA and at longer exposures. These species included one band of the size expected for a transcript running through the complete 16S rRNA sequence.
The same Northern analyses show a strong signal at about 4S, observed even with low levels of applied RNA at short exposures (and more consistent with the expected levels of RNA transcription). The 4S species could represent fragments of longer species or species prematurely terminated early in the RNA operon or both. Two results (data not shown) favor the possibility that the 4S-sized species arise from truncated transcripts in which the 5'-proximal lambdaspecific sequences have been formed but transcription has then stopped. First, RNA was induced in strain R117 and analyzed. The strain contains vector plasmid pNO2677 with the lambda sequences but no rDNA sequences. The induced RNA showed 4S RNA at levels very similar to pCL10 and pCL20 and with the same hybridization to lambda DNA. Second, bulk degradation of larger plasmid-encoded transcripts would have been expected to produce comparable amounts of lambda and 16S rRNA oligonucleotides; but probes of 16S rDNA did not hybridize at all to the 4S RNA fraction. Nevertheless, we cannot exclude the possibility that 4S RNA represents degradation products of much longer lambda-rRNA transcripts. Ih that case, for some unknown reason, the fragments of lambda RNA could simply be much more stable than those of rRNA.
Are the lambda-promoted transcripts processed? Since only small numbers of full.length rRNA transcripts accumulated, we were precluded from direct analyses of bulk quantities of mutant rRNA to determine whether they were incorporated into ribosomes. However, Si nuclease mapping is sensitive enough to provide some information about the processing of these small numbers of transcripts containing 16S rRNA. By using an appropriate probe, one could specifically detect small amounts of any precursor-specific fragment released when pre-rRNA was cleaved to form the 5' terminus of mature 16S rRNA. This approach can work only if the released precursor fragment, which is unstable (12, 3i), lasts long enough to be detected at a steady-state level. This proved to be the case for pCL10 transcripts (in which the spacer sequence has been shortened to begin at the RNase III cleavage site). A probe was prepared that begins within the lambda sequences 131 nucleotides downstream from the transcription start and extends 434 nucleotides into the complement of mature 16S sequence (Fig. 5) ; the probe was labeled at the lambda end and contained 198 nucleotides complementary to the lambda sequence, 114 nucleotides complementary to the 16S rRNA precursor region, and 434 nucleotides that can hybridize to mature 16S rRNA.
In the RNA of strain R115 cells incubated at 42°C, two species, A and B, were detected as Si-resistant fragments (Fig. 5, lane 2) . Species A had the mobility corresponding to full protection of the probe (746 nucleotides); it comes from RNA transcripts which extend at least through the initial portion (434 nucleotides) of the mature 16S rRNA sequence. Species B (lane 2) comigrated with the control (lane 1), the 312-nucleotide fragment generated by cleaving the 3'-endlabeled probe with Dral, exactly at the junction of the precursor and mature portions of 16S rRNA. Thus, species B migrates as the fragment arising from a plasmid-encoded 16S rRNA species processed normally at its 5' terminus. When a comparable probe was made from pCL20 DNA and used to analyze pCL20 transcripts, no species was observed with the expected length of a properly processed 5' precursor fragment (data not shown), but it is not clear whether the fragment is not formed or is formed and then degraded too quickly to be detected.
DISCUSSION
The low level of full-length plasmid-encoded rRNA transcripts is reminiscent of polarity, when mRNA formation fails (15) . Here, as in mRNA polarity, the alternatives of premature termination of transcription and rapid degradation can explain the data. One simple explanation for premature termination is that the production of lambda N (antiterminator) protein may be too low in these constructs to satisfy the requirement for the multicopy plasmid. In another case in which lambda cII protein, requiring an antitermination mechanism, was formed from a similar plasmid-vector combination, no such limitation was observed (24) ; but it is possible that rRNA transcription may have additional requirements. For example, antitermination in rRNA may not be completely compatible with lambda antitermination. More specifically, the modification(s) of RNA polymerase specified by their respective leader sequences is not the same (although some factors are shared by the two systems [26] ) and may respond differently to premature termination signals. Alternatively, secondary structure in the rRNA leader itself may affect transcription as well as processing.
In principle, the alternatives of hyperlability and premature transcription termination might be distinguished by comparing the level of plasmid-encoded sequences in pulselabeled and steady-state RNA. Such experiments are difficult with the constructs studied here, however, because the distal 16S rRNA from the plasmid promoter is identical in sequence to endogenously encoded 16S rRNA. Furthermore, the absence of any detectable small fragments of 16S rRNA in the cells already suggests that pulse-labeling experiments are likely to be as inconclusive here as they were in the studies of mRNA polarity; various studies found it impossible to make a definitive choice between a failure of synthesis and hyperlability. (The premature termination that is proven for mRNA polarity first became clear when the alleviation of polarity was seen in mutants with a modified rho termination factor; no analogous factor is known for 300 42°C Detailed studies of the processing of modified rRNAs, which is the goal of these investigations, requires that comparable constructions be transcribed at a high level. High levels of transcription could be ensured with the alternate system in which T7 RNA polymerase is used (30) . Or, to avoid any hyperlability contributed by modified 5' spacer sequences, normal 5' leader regions could be maintained in pL-promoted rrnB constructs and the structure of the transcript could be altered by deletions in the spacer sequence beyond the 3' terminus of the 16S rRNA.
Testing the roles of stems and precursor sequences is difficult because they may serve three overlapping functions. First, they may themselves be part of a recognition signal for processing. Second, they may help to form or stabilize a conformation of rRNA required for ribosome formation, and proper ribosome assembly may be required for efficient processing (27, 29) . And third, they may have regulatory roles in transcription termination or rRNA gene expression.
Nevertheless, the data available permit some discussion of the signals for processing and its relation to ribosome function. When precursor-specific segments adjacent to the 5' end of transfer RNA (2) (or adjacent to either terminus of the 5S RNA of B. subtilis [21] ) are replaced by a variety of oligonucleotides, processing enzymes still seem to cut accurately at the 5' terminus. Thus, the recognition signal for proper cleavage in those cases is largely encoded in the sequence of the mature RNA. The situation is markedly different for 23S rRNA. In this case, initial cleavages by RNase III in the stem that encloses the mature sequence are indispensable for processing: in their absence, processing fails (14, 27) . Processing would almost certainly fail if precursor double-stranded stem sequences were deleted, since Stark et al. (28) have shown that no processing occurs when even a few nucleotides of the stem are absent. For 16S rRNA, even in the absence of cleavages in the precursor double-stranded stem, processing at mature 5' and 3' termini occurs at the same rate (13) . This raises the question whether 16S rRNA maturation would occur no matter what sequences are adjacent to mature termini, as in the case of 4S and 5S RNAs (2, 21) . Alternatively, some precursor sequences could still be required for maturation even in the absence of initial cleavage in stems. Concerning pCL10 and pCL20, the transcripts lack two-thirds and all of the 5' precursor sequence, respectively. Because the rRNAs accumulate at low levels, assembly into ribosomes and functionality of any particles formed cannot be clearly studied even with S1 analyses. The Si analyses, however, do show that the portion of the 5' leader from nucleotide -114 (the RNase III cleavage site) to nucleotide 1 of mature 16S rRNA is apparently sufficient to yield proper formation of the 5' terminus. A postulated recognition signal for RNase III remains (3), but the cleavage site itself is gone (Fig. 2) , and as expected, no cleavage was detected in this region. The result is consistent with the finding that mutants deficient in RNase III are viable and that cleavage by RNase III is dispensable for the maturation of 16S rRNA (13) . It also shows that neither the full stem structure nor its sequence is indispensable for proper processing, though the efficiency of the processing can only be determined when the polarity phenomenon is avoided.
